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The principal objective of this research/development effort was to develop a multi- 
component strain gage balance to measure both static and dynamic forces and moments on models 
tested in flow visualization water tunnels. A balance was designed that allows measuring normal 
and side forces, and pitching, yawing and rolling moments (no axial force). The balance mounts 
internally in the model and is used in a manner typical of wind tunnel balances. The key 
differences between a water tunnel balance and a wind tunnel balance are the requirement for very, 
high sensitivity since the loads are very low (typical normal force is 90 grams or 0.2 lbs), the need 
for water proofing the gage elements, and the small size required to fit into typical water tunnel 
models. The five-component balance was calibrated and demonstrated linearity in the responses of 
the p rimar y components to applied loads, very low interactions between the sections and no 
hysteresis. Static experiments were conducted in the Eidetics water tunnel with delta wings and 
F/A-18 models. The data were compared to forces and moments from wind tunnel tests of the 
same or similar configurations. The comparison showed very good agreement, providing 
confidence that loads can be measured accurately in the water tunnel with a relatively simple multi- 
component internal balance. The success of the static experiments encouraged the use of the 
haianrp for dynamic experiments. Among the advantages of conducting dynamic tests m a water 
tiinnp.l are less demanding motion and data acquisition rates than in a wind tunnel test (because or 
the low-speed flow) and the capability of performing flow visual i za ti on and force/moment (F/M) 
measurements simultaneously with relative simplicity. This capability of simultaneous flow 
visualization and for F/M measurements proved extremely useful to explain the results obtained 
during these dynamic tests. In general, the development of this balance should encourage the use 
of water tunnels for a wider range of quantitative and qualitative experiments, especially during the 
preliminary phase of aircraft design. 


NOMENCLATURE 


YMi 

Yawing moment section #1 

YM2 

Yawing moment section #2 

PMi 

Pitching moment section #1 

PM2 

Pitching moment section #2 

RM 

Rolling moment section 

Co 

Root chord 

c 

Mean aerodynamic chord 

b 

Wing Span 

a 

Angle of attack, deg 

a 0 

Mean angle of attack, deg 

P 

Sideslip angle, deg 

♦ 

Roll angle, deg 

Qoo 

Free stream dynamic pressure 

Voo 

Free stream velocity 

M 

Mach number 

Re 

Reynolds number 

CN 

Normal force coefficient 

f 

Oscillation frequency, Hz 

Cm 

Pitching moment coefficient (body axis) 

a 

Acceleration, deg/sec^ 


’ Work done at EIDETICS under SBIR Contract NAS2-13571 
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Cy Side force coefficient (body axis) Q 

C n Yawing moment coefficient (body axis) © 

Q Rolling moment coefficient (body axis) k 

comax Max. angular velocity, deg/sec q 0 

ca [rad / sec] b 

Q Non-dimensional rotation rate, - — 


Pitch rate, deg/sec 

Angular velocity, deg/sec 

’ nfc 

Reduced frequency, 

q c 

Non-dim. pitch rate, 2 y_ 


introduction 

Water tunnels have been utilized ^SoT^S.' "iSSSSSSSt® toe 
aerodynamics phenomena smct i*® f orce s in water tunnels are equivalent to the 

shown that the flow fields and thehy yna© tunnels for the incompressible flow regime 

aerodynamic flow fields ; and forces f ^^“^^ever, have waSr tunnels been 
(Le., Mach numbers less th^ 0 3X of complex flow fields on many modem 

recognized as highly 1 ^SJm^S^rcraft In particular, water tunnels have filled a umque role as 
vehicles such as high performance anc P _ dominated by vortices and vortex 

research facilities for understanding the complex flows ; donur^tM^ o ^ detailed 

interactions. Flow visualization in water tunn P . stream flow and the 

observation of the flow ^“.^TSSg'reM-ttae^Stal assessment of the flow patterns using 
?ZSoSSu“SSTg dye injection, hydrogen bubbles, laser sheet dlumtnation, etc. 

Water tunnel testing ** ®? I *^^^ 1 ^^[^ l i4^^sare^ati^yto«^d^Tdon^^ed 
time to perform experiments evalua needed in a relatively short time period, 

to windtunnel models) turf can be bruit »d modfi^as nadMma y^^ ^ 

The response of the flow field to changes m ^^SSltaSdoJof a water tunnel, 
tunnel experiments with flow visualizanon. Oneo p cjpaa d ^ results in very 

however, * that the low flow ^^^^1 wS uTthe past, have proven to be 
small hydrodynamic (aerodynamic) ^ ^ moment information is essential, 

difficult to measure accurately. Eventually have to be performed. The advent of 

wind tunnel tests (usually with a different mcKie ) > data acquisition such as low- 

semi-coiiductor stmin gage accurate measurements of very 

noise amplifiers, electronic ^tere, ^gital the small forces and moments 

low strain levels feasible. The ^"^Ssrfthis type of research facility 

by configuration modifications. 

^OTtiS and unconventional control iechmques, etc. 

to addition to static F/M ^"fltS^^d^S'^res 
capability for dynamic experiments. Th 8 “ P®® , c ^ pfl dynamic maneuver and the 

rapid movement of the model in order to si© P P® movement also places demanding 

motions are mechanically ^““C’Sti^ySr^^data at high sample rates. In 
requirements on the response of the data a q y . lower (2 orders of magnitude or 

contrast, the flow speed 0 [, wa “'“^ u ^ a dynamic maneuver is also very 

more), and cons^uen^ *^^ data acqu §tion required for force and moment measurements 
d^ng^iem STdJSmic situations are less demanding than in a wind tunnel. 
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The specific technical objectives of this research/development project are listed below. 

1) Design and fabricate a five-component balance to measure forces and moments in a 
water tunnel. 


2) Calibrate the balance and determine component sensitivities and interactions, i.e., 
determine the calibration output matrix. 


3) Perform static and dynamic experiments on delta wings and F/ A- 18 models, and 
compare the results with available wind tunnel or numerical data to assess the performance of the 

balance. 


BALANCE DESCRIPTION 
Mechanical Design 


Basically, the balance is similar to the sting balances used m wind tunnel tests and is 
located inside the model (Fig. 1). It consists of a rolling moment section, two pitching moment 
sections and two yawing moment sections, all 1.91 cm (3/4") in diameter. 
nrovide for the simultaneous measurement of pitching, yawing and rolling moments and normal 
and side forces The moment of inertia of each section was carefully calculated in order to obtain 
the required stress levels that produce the desired sensitivity and resolution when the balance is 
loaded in the plane of interest and maximum stiffness in the other planes. Each c °™P°^t 
attached to the next by means of two screws, and two location pins ensure the perfect alignment 

between components. 


Strain Gages 


Semi-conductor strain gages are used to get the desired output, since they are widely 
acknowledged as being outstanding transduction devices. The change in resistance per unit a ppli 
str^ results in an output of 50 to 100 times that of either wire or foil strain gages. The gages used 

have a resistance of 1000 Q and a gage factor (GF) of 145. They are very small in size, only 0.08 
cm (0.03") wide by 0.4 cm (0.16”) long. Each section is composed 

using a full Wheatstone bridge and of some standard resistors added externally. Th«e resistors 
are used to compensate for differences in the strain gage resistance and to compensate for 
temperature changes. The values of the resistors vary for each of the sections ^ *P®g^ by 
the gaging company after extensive tests. Temperature compensation for this ^P kca *°^"° l , 
very critical since the temperature changes during a typical water tunnel test are almost negligible. 

A100D potentiometer is used to balance each bridge externally when the intern^ potentiometer of 
the signal conditioner is not enough to produce a zero reading under specific loading conditions. 


Water Proofing 


The fact that the balance has to operate under water complicates the problem significantly, 
and different water proofing techniques had to be tested until the optimum was found. After the 
gages, terminals and wires were in place, a layer of silicon rubber was applied over the entire area 
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where the gages and terminals are located. The balance was later coated with Parylene™, a thin 
plastic film applied in a vacuum chamber. A rubber sleeve was utilized as a tertiary protection, as 
seen in Fig. 1. 


DATA ACQUlSITION/REDUCnON SYSTEM 


A multi-channel system was used to provide excitation voltage (5 Volts) to the bridges, and 
to amplify and condition the output signals. The output lines for each channel were routed both to 
the digital display of the signal conditioner and to an analog-to-digital (A/D) board inside a 
Macintosh Quadra 700 computer. 

The data acquisition/reduction software was developed specifically for this application 
using National Instrument's LabView, a graphical programming language. The software provides 
an interface that is user friendly and is versatile in its ability to reduce and display the balance and 
tunnel condition data efficiently. The basic methodology for the data reduction system, particularly 
the treatment of the balance equations, is based on the same approach used for typical wind tunnel 
data reduction schemes. The data acquisition/reduction software allows to perform a full balance 
calibration, as well as to acquire and reduce data during static and dynamic experiments. It allows 
the user to display "on-line" signals, acquire data at specified sampling rates and to reduce the data 
to coefficient form. Files with raw and coefficient data are created and saved to a disk for later 
plotting or reprocessing. 


BALANCE CALIBRATION 


A key to accurately acquiring data from an internal balance is a precise and repeatable 
calibration. For a multi-component balance, it is important to determine the response of each 
section to a load in its primary plane of action (sensitivity) and also to loads in other planes 
(interactions). For example, the output from a pitching moment gage will depend not only on the 
direct application of a pitching moment (or a normal force) but will also respond to a rolling 
moment or a yawing moment input. The objective is to minimize these interactive load/response 
characteristics, but the expense of manufacturing a balance to the tolerance levels to approach zero 
interactions is not warranted since the interactions can now be accounted for quite easily on modem 
computers. Therefore, appropriate calibration hardware, software and procedures are essential to 
obtain the correct sensitivities and interactions. 


Calibration Rig 


A simple calibration apparatus, shown in Fig. 2, was designed and built to calibrate the 
five-component balance. Basically, the rig consist of a main aluminum support where the sting 
mount and balanc e are attached. Pulleys on each side of the balance can be used to obtain accurate 
side forces and rolling moments. The pulley system permits the application of a pure rolling 
moment provided that low friction pulleys are used and the cables are perfectly aligned. Each 
pulley is mounted on a shaft between two bases that slide along a side rail The bases can also be 
moved up and down, so the pulley can be accurately positioned to obtain the desired load. A 
loading fixture attached to the balance end is used to apply the weights at the desired load points. 
The loading fixture can be rotated to get the proper configuration according to the desired type of 
loading. The balance can also be rotated; therefore, the required loading can be obtained either by 
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rotating the balance or the loading fixture. Levels and stainless steel pins ensure the perfect 
alignment of the balance and the rig throughout the calibration process. 


Calibration Results 


A full calibration was performed using the calibration rig and standard procedures typical of 
wind tunnel sting balances. The balance was loaded at five load points with positive and negative 
normal and side forces, and at the balance reference center (Load Point 3, LP3) with positive and 
negative rolling moments. The software developed acquires and graphs the data for the different 
loading cases, applying a linear curve fit After all the graphs are created, it automatically builds 
the calibration input matrix. By inverting the input matrix, the calibration output matrix is 
obtained. This matrix allows to obtain engineering units from the voltages at each section, 
applying all the correct sensitivities and interactions. 

Figure 3 presents, an example of a loading case, i.e., the response of the five channels to a 
normal force applied at EP4. As expected, the largest response is seen in Channel 1 (CHI), which 
corresponds to the most forward pitching moment section. Since the load is applied exactly at the 
location of the second pitching moment section (CH3), this channel does not react to this particular 
loading. Interactions with the rolling moment and yawing moment sections (CHO, CH2, CH4) are 
very small 

After all the loading cases were completed, the slopes of the output of each channel at the 
different load points were plotted versus the distance to said load points. Figure 4 shows one of 
these plots, in this case, the response of the pitching moment gauges to an applied pitching 
moment The slopes of the lines (approximately 0.009 Volts/in-lb) are the sensitivity to pitching 
moment while the y-intercepts are the sensitivity of these channels to a normal force. Figure 5 
presents, in a similar manner, the sensitivity of the yawing moment gages to an applied yawing 
moment (0.026 Volts/in-lb). 

The rolling moment calibration is presented in Fig. 6. Pure positive and negative rolling 
moments were applied at LP3, and the output at the gages in Volts is plotted versus moment for the 
five c hannels. The response of the rolling moment component (CH2) is linear, both for the 
positive and negative cases. The slope of this line represents the sensitivity of the section to rolling 
moment, Le., -0.0097 Volts/in-lb (average of the slopes of the positive and negative loading 
cases). Interactions with the other sections are negligible. 

Hysteresis was also investigated to complete the calibration. The balance was loaded and 
then unloaded using the same weight increments. All possible loading cases were investigated, 
i.e., positive and negative side and normal forces, and positive and negative rolling moments. The 
balance showed no hysteresis on any of the channels under primary loads. 


EXPERIMENTAL SETUP 


Water Tunnel 


All experiments were conducted in the Eidetics Model 2436 Flow Visualization Water 
Tunnel. The facility is a continuous horizontal flow tunnel with a test section 0.91 m (3 ft) high x 
0.61 m (2 ft) wide x 1.83 m (6 ft) long. The model is mounted inverted, and it is possible to test 
at angles of attack between 0° and 65°, and at sideslip angles between -25° and 25°. 
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Models 


A 70° flat plate delta wing and F/A-18 models were used for these experiments. The 
aluminum delta wing (Fig. 7) has a root chord of 15 inches and a double-beveled leading edge. 
The balance is located at the model centerline and two fiberglass fairings (top and bottom) covered 

the entire balance. The l/32 nd -scale F/A-18 model is shown in Fig. 8. The reason for choosing 
the F/A-18 was the availability of data from several wind tunnel tests on this configuration that 
could be used for direct comparison to evaluate the performance of die balance. The plastic model 
is equipped with dye ports for flow visualization and the balance is attached to an internal 
al umin um plate. Control surfaces were fixed at 0° throughout the entire test (leading edge flaps 

were fixed at 34°). The rotary balance experiments were performed on a lMS^-scale F/A-18 due 
to size constraints in the water tunnel. The width of the test section (24 inches) did not allow the 
use of the l/32 nd -scale F/A-18 model utilized for the other dynamic experiments. The smaller 
plastic model has a span of 10 inches and a total length of 14 inches. Moments are referenced to 

the 50% c on the delta wing and to the 25% c on the F/A-18 models, except when indicated. 


STATIC WATER TUNNEL EXPERIMENTS 


Methodology And Boundary Corrections 


The static tests were performed following standard "wind tunnel procedures". The gages 
were zero ed at the beginning of each run with the model at tt = (3 = <(• = 0°. A static tare (or weight 
tare) was performed before the actual run. This consists of an angle of attack sweep with the 
tunnel off (Qoo = 0) to account for gravity effects. After that, the model is always returned to 

a = 0°, a zero point is taken and the tunnel is started. 

The water tunnel data were corrected only at high angles of attack. This correction is 
required as a result of a significant expansion of the wake when the wing stalls and it was 
developed by C unningham (Ref. 5). It is a semi-empirical relationship based only on planform 
blockage and angle of attack. Equations in Ref. 5 are given only for Cn; however, since this is 
actually a Q» correction, it was also applied to the other components in a similar manner. The 

correction is applied starting at a = 38° for the delta wings and at a = 40° for the F/A-18 
(approximate stall angles for each configuration). Figure 9 shows uncorrected and corrected data 
for the 70° delta wing at zero sideslip, with the largest changes occurring in the normal and side 
forces. 


Examples of Static Test Results 


Most of the static experiments were conducted at velocities ranging from 12.7 cm/sec (0.42 
ft/sec) to 17.8 cm/sec (0.58 ft/sec). This range of velocities corresponds to Reynolds numbers 
from 34,000 to 47,000 per foot Data were acquired at 100 samples/sec for 25 seconds and were 
not filtered. The large number of samples acquired permitted to obtain a mean value that represents 
the average gage reading at that particular loading condition. 
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The longitudinal characteristics of the 70° delta wing during static conditions 
and compared £ wind tunnel data in Fig. 10. The water tunnel d to (obratned at' V- - _a58 ft/*c) 
are compared to similar data obtained in another water tunnel (Ref. 5), and in the KU 3x4 
tunnel (Ref. 7), the WSU 7x10' wind tunnel (Ref. 8) and the Langley 12 wind tunnel (Ref. 9). 
The nor mal force coefficient agrees very well with most of the data, except for the Lang y 
The differences between thesedata and the other wind tunnel data tue quite ^p^ant and l are 
probably due to the type of corrections applied, mounting system, flow quality, etc. Since the 

software provided the moments referenced to the 50% 6 , the appropriate transformations had to be 
applied to obtain C m at other locations. The pitching moment at 30% c is compared to two sets of 
wind tunnel data and the agreement is satisfactory. 

Figure 1 1 shows a comparison between the water tunnel test and other wind tunnel tests for 
the baseline F/A-18. Angle of attack sweeps at P = 0° were performed and the agreement in Cn is 
very good both in slope and absolute magnitude. The data obmined in the water tunnel m; atch i not 
only other small-scale wind tunnel tests (Refs. 10-12), but the full-scaletest atthe N AS A Am 
80x120' (Ref. 13) and the F/A-18 Aero Model used m simulation as well. Onlyone dataset 
(Langley 12’ Ref 12) has much lower values than those obtained in this test The pitc g 

also agree well wifh ote 

cco angle of attac k but trends and slopes are very similar. Lateral/direcuonal cnaractensucs were 
m S from S 1. as seen iu F,g. 12. and sirailariries m the Cy and Q curves during 

B sweeps at a = 30° are evident It should be noted that corrections due to wall proximity during 
sideslip sweeps were not introduced in the data reduction scheme, and therefore, sm 
SS P cTbe expected. These comparisons show that W 

measure five componentsof the forces and moments experienced by a realconfiguration(as 

m -gS” as in die case of the delta wing) in this Dowregime For mom mformanon 
andexamples on water tunnel static tests, please see References 14 and 15. 


DYNAMIC WATER TUNNEL EXPERIMENTS 


Methodology And Boundary Corrections 


The motion rates selected for the dynamic tests conducted in the water tunnel should, of 
course be scaled properly to represent the correct relationship between rotation rate, scale, andffee 
stream’ velocity. During the dynamic experiments, the data are corrected at high angl 

same tec hniqiK utiliid during the static water tunnel experiments (Refs. 5, 14 and 15). A 
we?gh^^r=oSrfom=d to account for gravity effects as in the stanc tests. Thesoftware 

ha nHW the entire data acquisition and reduction processes, as well as the mode mouon. o 
to correlate the F/M measurements with the model position, the software takes an encoder re&dmg, 
Sen S^data, takes a second encoder reading and assigns Ae babn^ues to the 

SSa^SfSe two encoder readings. The number of balance samples acquired between each 
encoder reading can be varied, and the final value for each channel is the arithmetic average of the 
i taken As exoected the larger the number of samples acquired, the better the quality of 
S^l^as forTd to by^qSg 80tVl,000 per cliel, d>e dto obrained are very maooth 
to SmbTS no post-processing or curve-fitting to clearly totcaung die value of the 
force/moment atthe particular model location. Since the A/D board used allows ; acqmrmg data 
very fast (10 000 samples per second), it was possible to take a large number of samples pe 
channel and still obtain an adequate density of points (again, the low motion rates required in the 
these experiments). For the rotary balance tests, data were acquired and 
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averaged over two revolutions to avoid excessive twisting of the cables (no slip-ring was used). A 
weight tare (V« = 0), also averaged over exacdy two revolutions, was performed at each angle of 

attack and subtracted from the "tunnel on” data. 


Effect Of Inertial Tares 


One of the unknowns in dynamic water tunnel experiments was the model inertia effects on 
the data, i.e., the effect of the resistance to motion due to the model mass moment of inertia. 

Before actually performing the experiments, it was calculated that the inertia contribution to the 
aerodynamic values to be measured would be small, because of the low motion rates used in the 
water tunnel. The inertia effects are determined by measuring the time- variant moment recorded by 
the balance with the model in motion with the tunnel velocity at zero. This motion must be 
identical to the motion generated with the tunnel on (Voo > 0). The aerodynamic contribution is 
determined by subtracting the measured moment at Voo = 0 from the moment measured at V« > 0. 

Results indicate that the inertial contribution is, indeed, very small. Figure 13a shows the 
measured normal force on the 70° delta wing during a ramp-hold maneuver from 15° to 60° angle of 
a t taHr The value of the normal force N (lbs) measured during the pitch-up motion when the water 
tunnel is off (V« = 0) is almost negligible, approximately 1 % of the value measured with tunnel 
speed. Also included in Fig. 13a is the value of the normal force measured during the specified 
motion with no water in the tunnel. The value of N throughout the dynamic maneuver under the 
"no water" condition is very similar to the Voo = 0 case, indicating that there are no major "virtual 
mass effects" (resistance of the surrounding water to being displaced by the moving model). 
Similar results were obtained during pitch oscillations with the F/A-18 models (Fig. 13b), and 
during the other dynamic experiments (yaw and roll oscillations, rotary balance tests). Therefore, 
depending on the quality of the data required, the inertia effects can be ignored, facilitating the 
testing and the data reduction process. 


Examples of Dynamic Test Results 


Pitch Oscillations (70° Delta Wing Model) 

The first set of dynamic experiments consisted of large-amplitude pitch oscillations about a 
mean angle of attack cto- The purpose of these tests was to directly compare the water tunnel data 
to results from wind tunnel tests conducted at NASA Langley by Brandon and Shaw, where a 70 
wing was investigated for forces and moments produced by these large-amplitude pitch motions 
(Ref. 16). Figure 14 presents changes in the normal force coefficient produced by oscillating the 

delta wing ±18° about different oto's with a reduced frequency k = 0.0376. This k value 
corresponds to a maximum full-scale pitch rate of approximately 60 deg/sec for a typical fighter 
aircraft at altitude and at V« = 200 ft/sec. The hysteresis loops are evident in the force 
measurements, with all the cases producing similar values of Cn overshoot Results from the 
wind tunne l tests in Ref. 16 are shown in the same figure and the similarities in the two data sets 
can be clearly identified. The level of Cn is slightly lower in the wind tunnel test especially above 
25°, but the shape of the dynamic loops and the relative increments are very similar in both tests. 
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Pitch-Up/Down And Hold Maneuvers (F/A-18 Model) 

Experiments on the l/32 nd -scale F/A-18 model included pitch-up/down and hold 

maneuvers. The model rotates about the 25% 5 . and die motions are for 

ramps Figure 15 presents results for pitch-up and hold motions from 15 to 65 angle of attacK ror 
different non-dimensional pitch rates q 0 . The normal force and pitching moment data show a 

dependency on pitch rate, as reported by Brandon and Shaw in Ref. 17- This set of experiments 
waTcompleted Jith pitch-down and hold maneuvers at different rates. The maneuver coated of 
pitching down the F/A-18 model from 65° to 15° angle of attack. The motion profiles for the pitch- 
up and hold maneuvers, along with the variation of the normal £ t 

illustrated in Fig 16 The "persistence m normal force, defined as the tone it takes the torce to 
reachltssteady^or static value from the moment the motion stopped,is clearly observed.Figure 17 
shows the motion profiles and the change in the normal force coefficient raw tone Tor tte pitch- 
down and hold maneuver. It is very interesting to notice that, contrary to the behavior observed 
during the pitch-up maneuvers in terms of persistence, by the time the model stops after diepitc - 
SS of the normal force is almost the same as the static value, denoung a very si^i or 
almost zero persistence. The persistence in Cn, in terms of convective tone units, is compared to 
data from the wind tunnel experiments (Ref. 17) in Fig. 18 A convective tuneumtis 
takes one particle in the free stream to travel a distance equal to the mean aerodynaimc chord on th 
model. The similarities between the results from the two experiments are quite evident, indicating 
similar flows and dynamic force/moment responses. 

Rotary-Balance Experiments (F/A-18 Model) 

Another important maneuver for present and future aircraft is the "loaded roll or rollmg 
around the velocityvector at medium to high angles of attack In the wind tunnel, rotary-balances 
are used to acquire force and moment data from an internal balance with the model rotating around 
the velocity vector at varying rotation rates. With the balance, the water tunnel can provide a 
simplifiedlersion of th?Sme type of test capability with the added benefit of ^ g . abl ^ ° h ^ e 
the behavior of the flow at the same time. The ng consists of an aluminum C-s^tAat attaches to 
the roll mechanism and the water tunnel main C-strut (Fig. 19). The angle °£ * ^f e ^ d 
manually by sliding the arm along the C-strut, allowing testing at angles of attack between 0 and 

60°. Once the desired a is obtained, the arm is fixed in position. Sideslip can be varied by routing 
the sting in the adapter located at the end of the arm. 

As in the other dynamic experiments, it was found that the inertial efftets on the dau were 
negligible, and thus, the rotary tare can be performed at any roution speed. These particular 

rotary-balance experiments were performed for non-routional rates ft up to ±0.15 and the rotary 

tares were always conducted at rates corresponding toft = 0.10. Data from the water tunnel 
rotary-balance rests correspond to runs at 0.42 ft/sec and 0.58 ft/sec (Reynolds "^^f 8 2W 
andl 1 500 resoectivelv) These dau are compared to results from a rotary-balance test performed 
Z P SoTK-S F/S ii. the NASA Ames 7x10' wind tunnel (Ref. 18), and from a test 
of a 1/10-scale F-18 model at the Langley Spin Tunnel (Ref. 19). Results ofF/M measurement at 

a = 50° presented in Fig. 20, reveal that the normal force coefficient has a similar behavior in all 
the rests’ Le a slight increase with roution rate. The agreement in the lateral/directional 
coefficients is quite accepuble. Evidently, the forebody vortex flow fields in the water and wind 

tunnel experiments present opposite asymmetries, as indicated by the side tone = at ft ! - < £ but 

the anti-spin slope is similar in both tests. The yawing moment coefficient obtained in toe water 
tunnel presents Smaller slope than that revealed by toe wind tunnel results, especially for negauve 
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rotations, denoting again a possible slight shift in the center of pressure. The anti-spin behavior, 
however, is still present. For more information and examples of water tunnel dynamic 
experiments, see Ref. 20. 


CONCLUSIONS 


A five-component balance was designed, built and tested in the Eidetics' water tunnel. The 
balance was calibrated and showed good linearity and low interactions. Results of static 
experiments were quite satisfactory, showing good correlation with wind tunnel data of similar 
configurations (delta wings and F/A-18 models). This research/development project also explored 
the use of the balance to perform dynamic experiments in the water tunnel. Among the advantages 
of conducting dynamic tests in a water tunnel are less demanding motion and data acquisition rates 
than in a wind tunnel test (because of the low-speed flow) and the capability of performing flow 
visualization and force/moment measurements simultaneously with relative simplicity. Dynamic 
experiments included pitch, yaw and roll oscillations, pitch-up/down and hold maneuvers and 
rotary-balance tests. Results obtained in these tests also compared well with wind tunnel data. 

In general, results obtained in this research/development project show conclusively that 
water tunnels can be used effectively for quantitative and qualitative measurements and emphasizes 
the importance of having the capability of performing simultaneous flow visualization and F/M 
measurements. 
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Figure 10 - Longitudinal Characteristics of the 70° Delta Wing 
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Figure 1 1 - Longitudinal Characteristics of the F/A-18 Model 
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Figure 12 - Lateral/Directional Characteristics of the F/A-18 Model at a = 30° 
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Figure 17 - Pitch-Down and Hold Maneuver 


Figure 18 - Persistence of Normal Force 



Figure 19 - Rotary-Balance Rig 


3- 
25’ 

C N 2 

1.5 
1 

05. 

0 - 
-0.5 

-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 02 

cob/2V 

Figure 20 - Rotary-Balance Tests at a = 50° 
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Figure 20 - Continued 
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